I. INTRODUCTION
ne of the main objectives in power systems operation is to maintain voltage stability. It is desirable to maintain an acceptable voltage at each bus after being subjected to a disturbance. Recently the short-term voltage stability issue, FIDVR, has gained increased attention. This phenomenon has been observed following transmission or distribution system faults and in some cases has led to fast voltage collapse. [1] The North American Electric Reliability Corporation (NERC) Transmission Issues Subcommittee has characterized FIDVR as follows. After the transmission or distribution fault is cleared, the system voltage remains at a significantly low level for several seconds or longer. The FIDVR usually exhibits the following features [2] :
• Induction motors stall.
• The voltage initially recovers to less than 90% of precontingency level after the fault is cleared.
This work was supported by the Salt River Project (SRP). Yan Ma is with the School of Electrical, Computer, and Energy Engineering, Arizona State University, Tempe, AZ 85287, USA (e-mail: yan.ma@asu.edu).
George G. Karady is the Power System Chair Professor in the School of Electrical, Computer, and Energy Engineering at Arizona State University, Tempe, AZ 85287, USA (e-mail: karady@asu.edu).
Lloyd Breazeale is with the School of Electrical, Computer, and Energy Engineering, Arizona State University, Tempe, AZ 85287, USA (e-mail: lcbreaze@asu.edu).
• The expected post-contingency steady state voltage is not reached within 2 seconds. Investigations of FIDVR in some cases have indicated that such events are associated with high efficiency, low inertia A/C motors. [3] - [6] In the event of voltage sag, A/C induction motors may stall quickly and draw around 5-6 times their steady-state current. If the system does not have enough active and reactive power to supply the many stalled A/C units, an instability condition will occur in which more and more induction motors will slow down and stall. This may eventually lead to voltage collapse.
The A/C unit is usually equipped with two types of protection switches [2] - [5] :
• Thermal overload (TOL) protection is a circuit that disconnects the motor from the grid if it is stalled for a significant duration (2 to 20 seconds). The TOL trip time is inversely proportional to the applied voltage.
• Undervoltage contactor (UVC) trips the A/C unit if the applied voltage is below a threshold of about 40% to 52% the nominal voltage. The contactor recloses after the voltage recovers. The field tests showed that contactor switches are able to response (on/off) as quick as 2 cycles (33 ms). If under a stall condition, the applied voltage is greater than the undervoltage threshold of the UVC, the motor will heat up until TOL protection activates. During this time delay, the A/C unit will continuously draw a large current. This will further deteriorate the system stability. If voltage collapse does not occur, another problem may arise after the A/C loads are removed through protection circuitry. The recovered grid voltage may exceed the expected post-contingency level as a result of massive A/C load shedding.
Much effort has been put forth to understand and predict the influence of residential A/C units on power system stability. Two major challenges exist, one is the load composition details; another is how to represent the singlephase induction motor load in power system simulation.
Power systems are evaluated with composite load models that may change with the different requirements. approximations, three-phase induction motors, and equivalent A/C loads [7] - [10] . To model single-phase induction motors, it is conventionally assumed that three-phase motor model is acceptable to represent the aggregate effect of balanced single-phase motor load. However after studying a great number of FIDVR events researchers have found this modeling approach is not accurate. Based on experimental results in [3] , a grid level hybrid model was proposed in [10] - [12] to represent single-phase induction motors in power system simulation.
The hybrid model is usually composed of two parallel connected components: a standard three phase motor model, and a constant shunt impedance load. Under normal operating conditions, the A/Cs are represented as a standard induction motor model, which provides reasonable steady-state and dynamic behavior. When the A/C compressor motors stall, they are represented as constant shunt impedance to represent the characteristics of the stalled motor. The shunt reactance and resistance are both approximately 20% of motor reactance and resistance at rated voltage. Because the transient time is relative short for the low inertia motor, it is neglected in this model. However, the details of transition from running to stall may play an important role in voltage stability investigations.
In this work, a simulation method is proposed to accurately represent the effect of single-phase motor loads on voltage recovery after a fault in the positive sequence power system simulation tools. This method, described in Section II, may be an improved add-on technique to model single-phase motor loads in power system simulation.
II. PROPOSED METHOD
The proposed method involves an interface between the transmission network power flow simulation and a detailed distribution model. The detailed distribution systems for this study were configured with constant impedance load and unit level, single-phase induction motor load models. The distribution networks were connected to the bus nodes in the transmission network.
The power system simulation is realized by dividing the total simulation duration into many short time periods. As shown in Fig. 1 , data from the transmission network and data from the distribution network are exchanged in each time period. This data interface ensures continuity of the power system dynamic study. In each time period, a procedure is repeated:
• Perform the power flow analysis of the transmission network and record the bus voltages;
• Provide the bus magnitude and angle to the distribution system as the supply voltage;
• Run the time-domain simulation of the distribution network and record the positive sequence supply voltage, active power, and reactive power at the end of the time period;
• Back in the transmission network, the bus voltage and load complex power is updated with values from the previous step.
This simulation procedure is repeated until the specified simulation end time. This method captures the important dynamics of the single phase induction motor without an excessive computational burden.
Besides, the distribution system was also modeled using the aggregation method that includes a constant impedance load (static load) and an aggregate three-phase motor model (dynamic load).Simulation results from detailed distribution system and aggregate load model are compared and analyzed.
III. SINGLE-PHASE INDUCTION MOTOR MODEL
A common single-phase air conditioner induction motor load is discussed in the context of simulation. It is desirable to accurately represent A/C unit's steady state and dynamic behavior. WECC LMTF has specified detailed requirements to assure robust and accurate A/C models in [9] and [13] .
The phasor model presented in [13] and [14] satisfies the WECC LMTF model requirements and is being considered by WECC as a primary approach for modeling air conditioner loads. The model is based upon a phasor transformation to convert the point-of-wave model to a positive-sequence equivalent model. The phasor model is a simplified model such that higher-order harmonics and fast transient are neglected. Also the phasor model takes into account saturation effects. Details can be found in [14] . The stall characteristics of phasor model will be totally determined based on its parameters. Additionally, the model was modified to include TOL and UVC protection switches as previously discussed. Because there is a large variety of A/Cs in the network, it is impossible and also not necessary to simulate all kinds of TOL and UVC switches. By referring to [2] - [5] , we picked two typical protection switch set-points for this study, as shown in Table  I . It is supposed that that all A/C units included in the network are equipped with either protection setup 1 or 2. In the assumption, TOL switch will be off 5 / 20s after the A/C motor stalled. The UVC switch is switched off with no time delay whenever the applied voltage is below the undervoltage threshold. The UVC switch will keep off after being switched off, because all A/C units are assumed to use the reciprocating compressor technology. 
A. Simulation software
The proposed method was applied using two different simulators. The transmission network was simulated with Power System Analysis Toolbox (PSAT) developed by Federico Milano. PSAT is an open source MATLAB toolbox for power system analysis. The distribution network was built in SIMULINK with the SimPowerSystems Toolbox. This approach was selected because of simple data exchange between the two.
B. Motor model parameters
In this study, a unit-level phasor model was needed to represent each individual A/C unit and a three-phase motor model to represent the aggregation effect of all single-phase motor loads.
The phasor model of a typical 240 V, 3.5 ton air conditioner presented in [13] [14] was selected to represent single-phase induction motor. This phasor model was validated by comparing example simulations to the measurements from field tests conducted at Bonneville Power Administration. Also the phasor model illustrates the same stall characteristics as a 3.5 ton air conditioner. The whole study is based on the assumption that phasor model is able to represent the dynamic characteristics of the single-phase motor load. Parameters are listed in following table.   TABLE II  PARAMETER In this table, R s and X s are stator resistance and reactance respectively; Rr1 and X r1 are first cage rotor resistance and reactance; R r2 and X r2 are second cage rotor resistance and reactance; X m is magnetization reactance; H is inertia constant; T mech is the mechanic load torque.
C. Design of distribution system
As for distribution system, there are many kinds of network connections in real life. Because the purpose of this paper is mainly to study the effect of motor load on system stability, the distribution system is simplified and there should not be too much power load difference among different network connections. Fig. 2 shows the simplified radial distribution network built with unit-level single-phase motor models. In steady state, load power of the distribution system is constant 0.7617 + j0.3035 p.u. for load composition. The distribution system is simplified in this research and it does not take into account the feeders, distribution capacitors, protection, etc.. The distribution system was built using MATLAB SIMULINK and includes
• 
D. Studied transmission system
The proposed method can be applied for a variety of power systems. For this study, WECC's 3-machine, 9-bus system, as shown in Fig. 3 , was selected as an example to explain what the proposed method is and how it works. In this test system, there is one swing bus (Bus 1), 2 PV buses (Bus 2 and 3), 3 PQ buses (Bus 5, 6, and 8), and 3 machines equipped with turbine governor and AVR. 
E. Selecting fault
Generally, there are five kinds of power system line faults. In descending order of event quantity, they are
• Single line grounding fault • Line to line fault • Double line grounding fault • Three phase fault • Three phase grounding fault Among these types, three phase grounding fault only account for less than 5% of total fault, but it is the most severe fault. In order to analyze single-phase motor influence on system stability, a worst case, normally-cleared, short duration three-phase grounding fault, is selected as the contingency. Fault details are as follows:
• At 1second, a three-phase fault occurs on bus 7.
• The circuit breaker installed between bus 4 and bus 7 clears the fault at 1.083 seconds (after 5 cycles). Table IV presents all 12 test cases for comparing power system stability with the detailed distribution system model and the aggregate load model. Four different percentages of motor loads were considered. The remaining load balance was comprised of constant impedance such that the total steady state complex power was constant in each case as discussed in section IV. Fig. 4 (a) and (b) show load power and voltage magnitude on Bus 6 for the 10 % motor load cases. Before the contingency, the apparent power on Bus 6 for the three different cases is the same. After the fault was cleared, Bus 6 load power for aggregate load modal (Case 1) has a slight but acceptable difference from the detailed distribution system load models (Cases 2 and 3) . Voltage magnitudes in all the 10% motor load simulations are essentially identical. show Bus 6 load power and voltage magnitude for the 50 % motor load cases. After the fault was cleared, the power consumed by the aggregate load models (Case 7) attained its pre-fault value in 10 seconds. The single phase motors in both detailed distribution system load models stalled resulting in increased active/reactive power draw. The TOL switch opened at 7.005 seconds in Case 9 causing the motors to drop off line. These 3 test cases show it is possible to predict significant load shedding only with the detailed distribution system. Also Fig. 6 (b) shows an FIDVR event with the single phase motor load and switch setup 2. 
V. CASE STUDIES

A. Studied cases
B. Simulation result and analysis
C. Summary
With the same contingency (three-phase grounding fault with 5 cycle duration) on Bus 7 in WECC 9-bus system, we find that
• All test cases using the aggregate load models are able to reach post-contingency stability with no load loss. However, if the bus load is represented with a detailed distribution system load model, the single-phase motors stall in some test cases and are eventually disconnected with one of the two protection mechanisms.
• The conventional aggregate load model is only able to accurately represent a distribution system at steady state or slow dynamic state. In transient, the representation capability of the aggregate load model is reduced dramatically with the increased load percentage.
• Voltage magnitudes in the 50% single-phase motor load cases illustrate FIDVR events that result from the stalled single phase A/C motor.
• During the contingency, the amount of fault induced voltage drop increased with increased motor load percentage.
VI. CONCLUSION
This work proposed an add-on technique to the positive sequence power system simulation tools. The conventional grid level aggregate load models are replaced with the detailed equipment level models of distribution networks. This enables power system simulation tools to achieve improved capability to accurately study the influence of single-phase motor load on power system voltage stability. Compared with conventional aggregate approximation, the proposed technique gives a better representation of distribution networks with single phase A/C loads, and is able to reproduce FIDVR events.
